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Response to reviewers’ comments 
We would like to thank the reviewers and the editor for their input on the paper, and for the 
opportunity to make minor revisions to the text. We appreciate both reviewers’ positive comments 
regarding the overall content of the paper, and have implemented the sole change recommended 
which is summarised below: 
 
We are familiar with the work of Arnaud and Fouvry et al., whose recent work on debris the reviewer 
has identified as being relevant to the present work. Of the papers we have identified by these 
authors there is one paper in particular that we have deemed to be of particular relevance, and have 
therefore made reference to the contribution of this work to the understanding of contact 
oxygenation in the discussion section of the revised manuscript. Reference has also been made to the 
work of Warmuth et al. which is cited in the aforementioned paper and that we consider to also be 
highly relevant to the subject of contact oxygenation and the formation of metallic wear debris. 
 
 
The original text from the reviewer is in standard font, whilst our responses are in italics. Revisions to 
the manuscript are highlighted.  
 
 
Reviewers’ comments 
Reviewer #1: Very nice work and paper. 
One comment - Please refer to and discuss, as appropriate, the recent work on debris by Arnaud and 
Fouvry et al. 
 
Response : We are grateful to the reviewer for their recommendation - we are familiar with 
the work of Arnaud and Fouvry et al., and have identified one paper as being of particular 
relevance to the present work. As such, we have made a note to this effect in the discussion 
section of the revised manuscript. 
 
“An increase in metal-metal contact as a result of increased contact conformity in fretting of 
steels was observed by Warmuth et al. [26], with the authors attributing the effect to 
restricted oxygen access to the contact inhibiting the formation of oxide debris, with recent 
work by Fouvry et al. [27] noting a similar phenomenon in fretting of titanium contacts, 
relating the effect not only to contact size but other sliding conditions affecting contact 
oxygenation.” (Section 4, page 8) 
 
 
Reviewer #2: The present study investigates the role of fretting contact parameters on the formation 
of third body wear debris and subsequent surface transformation / debris particle beds for steel-
steel contacts. The conclusions presented are well thought out and supported by the data which has 
*Response to Reviewers
extensively looked at the debris both in third body form and sintered to the surface within the 
fretting scar. Chemical changes in the debris composition and particle morphology as a result of 
displacement amplitude and energy dissipated offer interesting insight into the performance and 
fatigue of such contacts. 
It is my recommendation the article is published as is. 
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DEBRIS DEVELOPMENT IN FRETTING CONTACTS – DEBRIS PARTICLES AND DEBRIS BEDS 
A.M. Kirk, P.H. Shipway, W. Sun, C.J. Bennett 
Faculty of Engineering, The University of Nottingham, UK 
ABSTRACT 
In this study, the formation and destruction of compacted beds of oxidized debris particles are investigated. 
Fretting tests of steel specimens were conducted, employing a cylinder-on-flat geometry with displacement 
amplitude being varied. The debris was examined, both in the form of the debris beds and in the form of loose 
debris; together, these were characterized to better understand the mechanisms of debris bed formation and 
development throughout the fretting process. XRD was employed to determine the phase makeup of the 
debris, with SEM imaging and particle size analysis employed to understand the evolution of the debris from 
nanoparticles into agglomerates and then into sintered bed structures.  
1 Introduction 
Fretting is defined as small amplitude relative oscillatory motion between two contacting bodies that gives rise 
to both wear and fatigue in a wide range of industrial contexts, the understanding and mitigation of which 
have been the subject of extensive study. It is well known that fretting conditions can result in substantial 
subsurface damage [1, 2], and in contrast to sliding wear, the small relative displacements that characterise 
fretting have a significant impact on the development of wear through the behaviour of wear debris in the 
contact itself; specifically, a proportion of wear debris is entrapped in the contact and thus modifies the nature 
of the contact, whilst the remaining debris is ejected from the contact and thus ceases to play a direct role in 
the subsequent wear process [3]. 
The complex physical processes occurring in fretting wear result in behaviour being dependent on a very large 
number of parameters [4], with complex interdependencies rendering development of all-encompassing 
predictive models out of reach in the current state of fretting research. However, many of these parameters 
influence wear to some degree through their impact on the behaviour of the debris in the fretting contact, and 
in light of this, a greater emphasis has been placed on the role of third bodies in wear in the past few decades 
[5]. Most notably, Godet and co-workers [6] developed the “third body approach” where the fretting debris 
was termed the third body, with the approach being based upon principles of lubrication theory (such as 
velocity accommodation and load carrying) being applied to the third bodies. 
Particles detached from the two surfaces which make up the fretting pair (i.e. the first bodies) are subject to 
extensive deformation and elevated temperatures in the contact [7-9]. Any nascent metallic surfaces formed 
(either by detachment of metallic wear debris particles, or by the removal of oxides from the first bodies) are 
highly reactive and will be subject to rapid oxidation [3, 10]. This is a continuous process, with the wear debris 
particles themselves becoming active in the damage process; the oxide particles can act as abrasives, 
increasing wear damage to the first bodies, but can also adhere to the first bodies to form compacted oxide 
*Manuscript
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films at the interface [11] which can deform and shear such as to accommodate the relative velocity between 
the two first bodies, and thus reduce the imposed tractional load on the first body surfaces, thereby protecting 
them from wear [5, 12]. 
Kato and Komai [13] artificially supplied nanometre-scale particles of oxides of several different metals to 
rubbing surfaces in sliding wear conditions and found that the sliding distance to transition from severe to mild 
wear (associated with the formation of a stable oxide bed) decreased as the size of supplied particles was 
reduced, suggesting a strong influence of particle size on debris bed formation. The formation of stable beds 
was attributed to sintering of the oxide particles, a process which typically takes place at temperatures half 
that of the melting temperature of the material [14], although under tribological conditions is found to occur 
at much lower temperatures in a phenomenon known as tribo-sintering [15]. Tribo-sintering has also been 
found to be strongly dependent upon oxide type; Kato and Komai [13] found that less diffusive oxides did not 
form a stable layer under the conditions studied, and more recently Viat et al. [16] linked the formation of a 
stable debris layer to the auto-diffusion coefficients of the alloying elements present in the first bodies. 
Formation of a stable load bearing debris bed depends not only on the rate at which the bed grows due to 
debris generation and consolidation, but also upon the rate at which such beds are broken down and ejected 
from the contact. Operating conditions conducive to formation of strong bonds between debris particles (and 
thus to formation of a stable debris bed) can result in the formation of a protective ‘glaze’ layer which sharply 
reduces the rate of further wear experienced by the first bodies [17, 18]. This glaze is formed by tribo-sintering 
[13], and, as such, the factors which affect tribo-sintering are therefore of interest in terms of understanding 
the development of damage in a fretting contact. Pearson et al. [18] found that while glaze formation occurs 
more readily at elevated operating temperatures for a self-mated steel fretting contact, there was evidence of 
glaze formation at temperatures as low as 85 °C under certain conditions; however, it was also shown that the 
temperature at which glaze formation first occurred was elevated by an increase in the fretting displacement 
(all other factors being equal) [18].  
There have been many attempts over the past decades to characterise loose debris generated in fretting tests 
of steel specimens [3, 10], with the key characteristics being composition, size and to a lesser extent 
morphology of the debris particles. It has been found by many researchers that the primary constituent of 
debris from fretting steel contacts at ambient temperature is α-Fe2O3 with metallic iron also being reported in 
some cases [3, 10], although the relative proportions of oxide and metal are not well established. Much less 
commonly, there have been reports of other oxides of iron in fretting debris produced by the fretting of steel 
pairs, such as FeO and Fe3O4, although evidence supporting these findings is relatively sparse [3, 10, 19]. It has 
been noted that in a vacuum or inert gas atmosphere, fretting debris from steels is entirely metallic in 
character and produced in much smaller quantities than that formed in air [20]. The size of fretting wear debris 
is less well established in the literature than its composition; early estimates put the size of fundamental 
debris particles at approximately 1 μm in diameter [19], although this dimension has been quoted as being 
nearer 0.01 μm by some researchers [21], and several microns by others [22]. The wide range of estimates 
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may be attributed in part to the diverse range of rigs, materials and conditions used employed in the test 
programmes where debris size was reported. 
It is recognised that characterization of debris is critical to understanding of the fundamental processes of 
wear in fretting and accordingly, the current work seeks to investigate the evolution of fretting wear debris as 
a function of both fretting stroke and number of cycles by examining the nature of the debris, both as debris 
beds and as expelled particles. 
2 Experimental procedure 
2.1 Specimens and test conditions 
Tests were performed on a high strength steel (BS S132), the chemical composition and mechanical properties 
of which are given in Tables 1 and 2, respectively. The heat treatment cycle used prior to machining to final 
dimensions is detailed by Mohd Tobi et al. [23]. 
Table 1. Composition of BS S132  
C Si Mn P Cr Mo Ni V Fe 
0.35-0.43 0.1-0.35 0.4-0.7 <0.007 <3.0-3.5 0.8-1.1 <0.3 0.15-0.25 Balance 
 
Table 2. Mechanical properties of BS S132 [24] 
   / MPa     / MPa HV30   / GPa   
1247 1697 485 ± 10 206.8 0.28 
 
Specimens were machined to shape following heat treatment and were arranged in a cylinder-on-flat 
configuration, as shown in Figure 1, resulting in a line contact with a length of 10 mm perpendicular to the 
fretting direction. A schematic diagram of the rig is given in Figure 2. The flat specimen was mounted in a fixed 
lower specimen mounting block (LSMB) and the cylinder specimen mounted in a moving upper specimen 
mounting block (USMB), with relative oscillatory displacement between the two being generated at a fixed 
frequency by an electromagnetic vibrator (EMV). Constant normal load was applied to the upper specimen via 
a dead weight and a lever arm. 
 
Figure 1. Diagram of specimens and their arrangement;   = 10 mm and  = 6 mm.  
 
Figure 2. Schematic diagram of main components of the fretting rig 
The relative applied displacement amplitude, ∆*, between the LSMB and USMB was measured using a 
capacitance displacement sensor mounted to the LSMB and recorded throughout the tests. The lateral force, 
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Q, was measured throughout the tests using a piezoelectric load cell connected to the LSMB. Both sensors 
were calibrated both externally and in-situ and the test data sampled at 200 measurements per cycle to 
generate force-displacement traces (i.e. fretting loops) to determine slip amplitude and energy dissipated in 
fretting (using the method first proposed by Fouvry et al. [25]) and other relevant test data for later analysis. 
Tests were conducted at a frequency of 20 Hz with a normal load of 450 N at applied displacement amplitudes 
of 25 μm and 100 μm for 10 000, 100 000 and 1 000 000 cycles (i.e. covering a range of two decades in fretting 
cycles). Before testing, specimens were thoroughly degreased using detergent, acetone and industrial 
methylated spirit. Upon completion of the test, the loose debris ejected was collected for later analysis. 
2.2 Characterisation of fretting damage and wear debris 
After testing, the specimens were ultrasonically cleaned for ten minutes in industrial methylated spirit to 
remove any loose debris; profilometry was then undertaken to evaluate the worn surfaces using an Alicona 
InfiniteFocusSL.  
Scanning electron microscopy (SEM) was used for qualitative observations regarding the nature of wear scars 
and loose debris using a FEI Quanta600 MLA SEM. Secondary electron (SE) imaging was used to examine 
topographical features and back-scattered electron (BSE) imaging to distinguish between materials of different 
average atomic number, such as the base metal and oxide debris. Composition was confirmed qualitatively by 
energy dispersive X-ray spectroscopy (EDX). Loose debris was mounted using adhesive carbon tabs and carbon 
coated for SEM examination using the same instrument.  
Wear debris ejected during tests was analysed by X-ray diffraction (XRD) using a Siemens D500 diffractometer 
with Cu-Kα radiation to identify phases present in debris samples. Scans were undertaken using a 0.04 ᵒ step 
size between 2θ positions of 20 ᵒ and 120 ᵒ, with a dwell time of 22 s per step. Samples were prepared using a 
solvent deposition method in which debris powder was suspended in IMS and pipetted onto a silicon wafer 
(used to minimise background from the sample holder). Phase fractions in the debris were estimated by 
performing Rietveld refinements using Topas V6 software, using the fundamental-parameters approach to X-
ray line profile fitting. The calculated pattern was fitted to the experimental data by applying a spherical 
harmonics function to account for discrepancies attributed to complex preferred orientations in the sample. 
Particle size data for wear debris were obtained using a Coulter LS230 light scattering particle analyser with a 
detection range from 375 nm to 2 mm in equivalent spherical diameter. Debris samples were suspended in 
water, with a sample for size analysis being typically 10 mg, several separate particle size samples were 
measured from a single debris sample to eliminate any potential bias arising from the small volumes required 
to obtain particle size data. 
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3 Results 
Net wear volumes for the wear tests conducted in this study are shown in Figure 3 plotted against energy 
dissipated over their course; the wear rate (volume lost per unit energy dissipated) is clearly significantly 
higher at the higher applied displacement amplitude.  
 
Figure 3. Net wear volume as a function of dissipated energy for the fretting tests conducted in this study; 
for each displacement amplitude, the data represent the three test durations employed.  
 
3.1 Characterisation of ejected debris  
3.1.1 X-ray diffraction 
X-ray diffraction data, shown in Figure 4, were obtained for fretting debris collected from tests at both 
displacement amplitudes after 10
6
 cycles, along with diffraction patterns calculated by performing Rietveld 
refinements on the experimental patterns as a means of estimating relative proportions of the phases in the 
samples. Distinct peaks at 45 ᵒ, 65 ᵒ and 82 ᵒ align with the diffraction pattern of ferrite, while the further 
expected peaks at 98 ᵒ and 116 ᵒ are less clearly discernible. 
The diffraction patterns of both samples indicate that the debris is made up primarily of α-Fe2O3 (haematite) 
with a small fraction of α-Fe (ferrite); there was no evidence of other phases being present. Following fretting 
with a 25 μm applied displacement amplitude, the proportion of ferrite was found to be approximately 2.6 % 
with this fraction increasing to 5.6 % following fretting with the higher applied displacement amplitude of a 
100 μm. Although the data have been fitted taking into account preferred orientation of the samples, such 
orientation in the samples is likely to be complex (given the mechanism by which the debris is formed) and 
therefore difficult to account for comprehensively; accordingly, the proportions of phases obtained by Rietveld 
analysis should be considered as approximations. 
 
Figure 4. Experimental and calculated X-ray ray diffraction patterns of debris collected after 10
6
 cycles with 
an applied displacement amplitude of (a) 100 μm; (b) 25 μm. In each case, the differences between the 
measured and calculated data are shown.  
 
3.1.2 Particle size analysis 
The debris particle size distributions are presented in Figure 5 as histograms; the fractions in the various size 
ranges are averages of several measurements on different sample aliquots from the same debris sample and 
the error bars represent the range of the individual measurements. It can be seen that (with an applied 
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displacement amplitude of 100 μm) the debris particle size distribution does not change significantly with test 
duration (Figure 5(a)), indicating that steady state conditions are reached very early in the fretting process.  
The particle size data obtained for the 10
6
 cycle tests at the two displacement amplitudes examined (Figure 
5(b)) exhibited a considerable difference in distribution. In both cases, the greatest proportion of debris from 
both tests fell in the 2 – 7.5 μm range; however, the debris from the test with a 100 μm applied displacement 
amplitude exhibited a broader distribution, with a greater fraction of particles in ranges both smaller and 
larger than this.  
 
Figure 5. Particle size distributions of ejected debris (a) for a displacement amplitude of 100 μm at each of 
the test durations studied; (b) for both displacement amplitudes at 10
6
 cycles. 
3.1.3 Debris morphology 
In order to observe debris morphology, SEM images of ejected debris samples were obtained. An SE image of a 
sample of debris ejected in the course of a 10
6
 cycle test with an applied displacement amplitude of 100 μm 
(Figure 6(a)) shows a wide range of particle sizes present in the sample, with a small number of large particles 
being visible. Observing one such large particle (confirmed by EDX analysis to be iron oxide) at higher 
magnification (Figure 6(b)) confirms that the particle size is significantly greater than the displacement 
amplitude employed in the test from which it was generated. It is assumed that this is a thin piece of 
compacted debris, but its depth could not be confirmed from the SEM observations. A striking feature of the 
large particle in Figure 6(b) is the presence of very different surface textures; Figure 6(c) bears a resemblance 
to a vermicular structure typically exhibited during sintering processes, and appears much more porous than 
the smooth and glassy surface texture apparent in Figure 6(d).  
 
 
Figure 6. SE SEM micrographs of ejected debris collected from a 10
6
 cycle test with a displacement amplitude 
of 100 μm; (a) overview; (b) higher magnification image of large particle seen in the centre of (a); (c) and (d) 
are higher magnification images of the surface of the particle shown in (b) as highlighted.  
Examining some of the smaller particles in the same debris sample showed a great variation in the nature of 
the debris particles ejected during one test, although all appeared to consist of a multitude of sub-micron 
oxide crystallites either agglomerated or bonded to form a larger whole. The BSE images shown in Figure 7 
highlight a flat piece of debris (confirmed as oxide by quantitative EDX analysis) consisting of smaller particles 
bonded to form a flat, coherent structure that appears to have been plastically deformed, suggesting that it is 
a detached piece of the debris bed that has subsequently been ejected from the contact. Debris particles 
similar in appearance to that highlighted in Figure 7(b) were also observed in the ejected debris collected after 
10
4
 cycles, indicating that such detachment and ejection of parts of the debris bed occurred from an early 
stage of fretting. Due to the samples consisting of debris collected upon completion of the fretting tests, it is 
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not possible in the current study to determine at what stage individual particles were ejected from the contact 
during longer cycle tests.  
 
Figure 7. BSE SEM micrographs of debris ejected during a 10
6
 cycle test with displacement amplitude of 100 
μm: (a) low magnification; (b) higher magnification view of the surface of the right-hand larger particle seen 
in (a).  
The similarity in the nature of ejected particles is evident in the SE images shown in Figure 8; here, images are 
presented of two particles of similar size found in the debris from tests with both 100 μm and 25 μm applied 
displacement amplitudes. In both cases, it can be seen that the larger particles (Figure 8 (a) and (c)) are made 
up individual crystallites of the order of 0.1 μm in diameter (Figure 8 (b) and (d)). The sub-micron crystallites 
comprising the ejected debris particles observed were not observed in isolation in any of the samples 
examined by SEM, suggesting a strong tendency for such particles to agglomerate / sinter during the fretting 
process.  
 
Figure 8. High magnification SE SEM micrographs of debris partciles ejected during 10
6
 cycle test with 
displacement amplitude of (a)-(b) 100 μm; (c)-(d) 25 μm 
 
3.2 Debris bed development 
3.2.1 Plan view SEM 
The wear scars developed on flat specimens fretted at both displacement amplitudes were imaged at various 
magnifications in plan view using BSE SEM (Figure 9). The contrast in BSE images results primarily from 
differences in average atomic number and allows for clear distinction between regions covered with a layer of 
oxide (darker grey) and exposed metal surfaces (lighter grey). Qualitative EDX was used to confirm the nature 
of the regions examined.  
Considering Figure 9(a) and Figure 9(d) it is clear that an oxide debris bed forms and is adhered to the surface 
after a relatively short number of cycles, and that even after a hundredfold increase in the number of cycles, 
the bed still does not cover the entire surface, leaving metallic regions exposed. It can be seen that while wear 
scar width increases significantly (from approximately 1 mm after 10
4
 cycles to almost 4 mm after 10
6
 cycles), 
debris bed coverage remains incomplete, even after 10
6
 cycles. 
Higher magnification images of the specimen after 10
6 
fretting cycles show an area of developed oxide bed on 
top of a more exposed metallic surface with a small degree of oxide coverage, evidently a remaining region of 
the debris bed formed during fretting and adhered to the substrate. The uneven edges of this oxide region 
suggest that pieces have broken away, exposing the metal surface beneath it. Figure 9(e) shows a crack across 
(c) 
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a protruding region, suggesting a mechanism by which pieces of such a debris bed may become detached from 
the surface. It should be noted that the ultrasonic cleaning of specimens after tests to remove loose debris 
may have dislodged such pieces, and so it cannot be stated whether such regions were ever exposed to such 
an extent during fretting. 
Also visible from the BSE images in Figure 9 are bright regions contained within the oxide debris bed layers. It 
is proposed that this may be the metallic fraction observed in the debris via XRD analysis (see Figure 4). It is 
not currently clear how deep these metallic regions extend beneath the surface of the debris bed, that is to 
say whether the bright regions are caused by a very thin layer of metal smeared across the surface between 
the contacting bodies or whether the debris beds contain metal particles of several microns in depth. 
 
Figure 9. BSE SEM micrographs of flat specimens after fretting with an applied displacement amplitude of 
100 μm for two test durations: (a) - (c) 10
4
 fretting cycles; (d) – (f) 10
6
 fretting cycles. 
 
4 Discussion 
As previously identified, the loose debris and debris beds are shown to be made up of an iron-based oxide with 
a small fraction of metallic particles. The presence of metal in the debris bed is visible in the bright specks 
observed in BSE images of the beds in plan-view (Figure 9), suggesting that metal particles several microns in 
diameter are present inside the contact and are incorporated into the third body layer. Analysis of the X-ray 
diffraction data (Figure 4) demonstrates an increased proportion of metallic iron (α-Fe) in ejected debris as the 
displacement amplitude was increased under the fretting test conditions explored. The presence of metal in 
fretting debris is commonly attributed to adhesive metal-metal contact between surfaces during wear, which 
may result from a low rate of oxidation of the surface insufficient to prevent metal-metal contact by formation 
of a separating third body layer, or detachment of parts of such a layer leaving metallic regions exposed. An 
increase in metal-metal contact as a result of increased contact conformity in fretting of steels was observed 
by Warmuth et al. [26], with the authors attributing the effect to restricted oxygen access to the contact 
inhibiting the formation of oxide debris, with recent work by Fouvry et al. [27] noting a similar phenomenon in 
fretting of titanium contacts, relating the effect not only to contact size but other sliding conditions affecting 
contact oxygenation. Another proposed mechanism for debris formation is the delamination theory of wear, in 
which subsurface fatigue cracks in the substrate parallel to the contact surface become connected to the 
surface and plate-like debris particles are released [28, 29]. Waterhouse proposed that such delamination 
occurs in fretting and is responsible for 1.5-3.5 µm thick plates of oxide-coated metal in fretting debris, which 
become increasingly oxidised as they become comminuted in the contact [29]. 
Qualitative observations of the debris particle morphology showed significant variation in size and the nature 
of surfaces of the ejected debris particles, although a common feature was that a majority of the particles 
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examined can be seen to consist of many sub-micron crystallites which by XRD and EDX analyses were 
identified to have the α-Fe2O3 structure. The crystallites were not observed in isolation in the SEM 
observations, suggesting a strong tendency for agglomeration and sintering of these particles. A general 
expression for the sintering rate of particles, S, is shown in Equation 1 as a function of oxygen diffusion 
coefficient, D, particle size, d, and constants, a, m and n [13]: 
   
  
  
      (1) 
Kato and Komai proposed that the value of n (and hence the strength of dependence of sintering rate on 
particle size) in tribological conditions is substantially lower (n = 0.6) than that in conventional sintering 
processes (where n = 3 - 4) [13], although this still suggests that particle size is a strong driver in tribo-sintering, 
and that small particles will sinter very much faster than larger particles. Kato and Komai observed that 
particles 300 nm in diameter were observed to sinter during a sliding wear test; this observation is in line with 
SEM observations of ejected debris undertaken in this study, in which particles of various sizes ejected during 
fretting were shown to be made up of haematite crystallites on the order of 0.1 µm in size. 
The heavy deformation of contacting asperities in fretting and the consequent high reactivity of nascent metal 
surfaces exposed results in rapid oxidation. The oxidation process itself along with the frictional power 
dissipation associated with the contact result in very significant increases in local surface temperature (known 
as flash temperatures) [30]. The normal and shear loads in the contact result in third body particles being 
compacted, which along with elevated temperature and small particle size fulfil the necessary conditions for 
sintering. 
Different stages of sintering are indicated by the surface textures observed in debris particles ejected over the 
course of 10
6
 cycles, as shown in Figure 6; for example, Figure 6(c) shows a smooth, glassy region of the 
surface of a larger particle (most likely to be a piece of detached debris bed) suggesting an advanced degree of 
sintering has taken place, while the more porous surface observed in Figure 6(d) is similar in appearance to 
vermicular structures exhibited during conventional sintering processes.  
Pieces of debris of up to at least 100 μm in size were observed in the ejected debris (illustrated in Figure 7), 
consistent in appearance and composition to debris beds adhered to the worn surfaces (Figure 9). The 
presence of such ‘particles’ suggests that there are several distinct mechanisms underlying the formation of 
ejected debris. Many particles examined did not appear similar to debris beds, suggesting that they were 
ejected before becoming incorporated in debris beds. It is recognised that the debris particles which have 
been ejected from the contact may have very different histories, but the following is proposed.  
Oxide particles with a haematite structure of the order of 0.1 µm in size are formed. These rapidly agglomerate 
and sinter to form particles which cover a range of sizes up to a few microns. Some of these particles are 
ejected from the contact before they sinter into beds, whilst others will be retained in the contact and will 
form part of a debris bed. The surface of the debris bed is more fully sintered to form a glaze-like structure. 
After a certain time, the debris bed becomes detached and is then removed from the contact; some of these 
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bed fragments are removed with little comminution (yielding debris particles of > 100 µm in size) whilst others 
may be more finely comminuted.  
The particle size distributions (Figure 5) indicate that the debris resulting from a test of only 10
4
 cycles is not 
significantly different from that resulting from a test of duration 10
6
 cycles, suggesting that the process has 
reached steady state even by 10
4
 cycles. SEM observations of wear scars in plan view (Figure 9) show 
qualitatively that there is a significant increase in scar width and a greater extent of debris bed coverage, 
suggesting that the bed becomes more developed and therefore detached pieces may be larger, although the 
particle size data in Figure 5(a) suggests that such pieces are likely comminuted before ejection from the 
contact in most cases. 
Figure 5(b) indicates a distinctly different particle size distribution for debris ejected over 10
6
 cycles when 
stroke is varied, with a narrower distribution of particle sizes with the smaller applied displacement. This may 
indicate that particles are not as easily removed from the contact with the smaller stroke; small particles are 
therefore sintered to form larger particles (thus reducing the fraction of smaller particles), and large pieces of 
debris bed which become detached are more effectively comminuted (thus reducing the fraction of larger 
particles). It is also notable that the metallic fraction in the ejected debris is smaller for the smaller applied 
displacement amplitude, again indicative of less aggressive conditions in this test, but also of debris particles 
spending longer in the contact resulting in more complete oxidation of any metallic particles produced.  
 
5 Conclusions 
Fretting tests were conducted using steel specimens and ejected debris was collected and analysed to 
investigate debris composition, particle size and morphology. The ejected debris was found to consist of oxide 
with a haematite (α-Fe2O3) structure and a metal fraction (ferrite); the ferrite fraction fell from ~ 5.8 % to ~ 2.6 
% as the applied displacement amplitude was reduced from 100 μm to 25 μm.  
The debris particles were shown to be made up from haematite crystallites of the order of 0.1 μm in diameter 
which had been sintered to different levels. In some cases, sintering had resulted in a vermicular structure 
whilst in others, a fully sintered, glassy structure was observed. The particle size in the ejected debris was 
found to be largely independent of number of fretting cycles in the range studied, indicating that a quasi-
steady state in debris ejection was reached before 10
4
 cycles. However, the particle size was found to vary 
with displacement amplitude, with a narrower distribution being observed for a shorter stroke. It is proposed 
that the debris is made up of particles, some of which have been ejected before they were sintered into a 
debris bed in the contact, whilst others have been sintered into a bed and then expelled as the debris bed has 
become detached.  
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